The genetic structure of three contiguous wild chimpanzee communities in West Africa was examined to determine the extent to which the community, the mixed-sex social unit of chimpanzees, represents a closed reproductive unit. An analysis of paternity for 41 offspring resulted in 34 cases of paternity assignment to an adult male belonging to the same community. Among the 14 offspring for which all potential within-community fathers have been tested, one likely case of extra-group paternity (EGP) has been identified, suggesting an incidence of EGP of 7%. This more extensive analysis contradicts a previous genetic study of the Taï chimpanzees that inferred 50% extra-group fathers. We suggest, based on direct comparison of results for 33 individuals at 1 microsatellite locus and direct comparison of paternity assignments for 11 offspring, that the error rate in the previous study was too high to produce accurate genotypes and assignments of paternity and hence caused the false inference of a high rate of EGP. Thus, the community is the primary but not exclusive unit for reproduction in wild chimpanzees, and females do not typically reproduce with outside males. Despite the inferred low level of gene flow from extra-community males, relatedness levels among the community males are not significantly higher than among community females, and the distribution of genetic relationships within the group suggests that, rather than a primarily malebonded social structure, the group is bonded through relationships between males and females. Kinship may explain cooperative behaviors directed against other communities, but is unlikely to explain the high levels of affiliation and cooperation seen for male within-community interactions.
A n understanding of the evolution of primate social systems depends on the accurate description of mating systems and requires a description of the entire repertoire of reproductive strategies used by individuals of both sexes, as well as the outcomes of those strategies. Such data can be provided only by a combination of behavioral observation and molecular genetic analyses, and where such combined approaches have been used, it has frequently been shown that the behavioral dynamics of wild populations are more complex than previously perceived. For example, dominance status does not always correlate in a simple fashion with long-term male reproductive success (1) (2) (3) , extra-pair paternity has been found to occur at unexpectedly high levels in birds considered monogamous (4), and previously unsuspected or infrequently used reproductive strategies have been described (5) (6) (7) . In this study, we genotyped all members of three habituated communities of wild West African chimpanzees (Pan troglodytes verus) to examine the paternity of offspring and the relatedness levels of community males and females. A high frequency (Ͼ50%) of extra-group paternity (EGP) in chimpanzees has been described (8, 9) . That finding was unexpected, as it greatly exceeded reported levels (1%, 13%) of observed extra-group copulations (10, 11) , and would seem to represent a hitherto unrecognized opportunity for female mate choice. Such a strategy by females would lessen the significance of male social rank in determining reproductive success, as well as result in a significant amount of gene flow among communities. In fact, Gagneux et al. (9) calculated average relatedness levels among pairs of community males to be low and equivalent to that found among females, contradicting previous work that described average relatedness levels in males as approximating the level of half-siblings (12) . Higher male than female relatedness within communities has been suggested to arise from the dispersal pattern in chimpanzees, because in contrast to the usual pattern in primates, male chimpanzees are philopatric, whereas most maturing females transfer out of their natal community at maturity (10, 13) . It has been proposed that chimpanzee communities are primarily male-bonded; that is, that inclusive fitness (14) and kin selection theory (15) explain the high rate of occurrence of affiliative and cooperative actions among adult males (16) . The role of genetic relatedness in promoting cooperative interaction among chimpanzees is particularly interesting for consideration of human evolution, as it has been suggested that the social organization of the common ancestor of chimpanzees and humans was in all major respects like that of chimpanzees today and was characterized by female dispersal, male philopatry, and in particular the presence of male kin-based associations (17, 18) .
Wild chimpanzees (Pan troglodytes) live in multi-male and -female communities (also termed groups) comprised of as few as 10 to as many as 140 adults and dependent offspring (10, 11, 19, 20) . Chimpanzee mating has been described as promiscuous and would seem to afford little opportunity for overt female choice, with sexually receptive females mating with different males repeatedly for the 10-12 days of the fertile estrus period and an estimated 800 matings occurring for each conception (10, 21) . Most of the matings have been observed to occur within the community, with the socially dominant males attempting to guard the females near the time of ovulation at the end of the maximum genital swelling period. Females often disappear from the community during their sexual swelling period, sometimes together with a male of the community for what is termed a consortship period (21) , during which they remain isolated from other community members for up to 3 cycle periods of the females. However, in other situations, no male is known to be absent, and the location and mating behavior of the absent female is unknown. In East African chimpanzees (P. t. schweinfurthii) of the Gombe National Park in Tanzania, 13% of the observed matings occurred with individuals from other communities (11) , but lower incidences have been reported from other chimpanzee populations (10) .
Microsatellite genotyping of wild chimpanzees was first used in 1994 to assign fathers to two offspring in a community at Gombe (22) . That study also represents an early demonstration of the potential for DNA analysis of noninvasively collected samples such as shed hair from wild animal populations. However, the DNA obtained from such samples is typically degraded and of low concentration, necessitating the use of stringent controls to obtain accurate results (23, 24) . Here we present the This paper was submitted directly (Track II) to the PNAS office.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. results of the largest and most rigorously controlled study of wild chimpanzee genetic relationships, encompassing the genotyping of 108 individuals from 3 communities, including the community previously examined (8, 9) . Our aims are first, to quantify EGP in these chimpanzees and second, to examine patterns of relatedness within and among communities.
Materials and Methods
Behavioral and Demographic Data. Three communities of chimpanzees living in the Taï National Park in the Côte d'Ivoire have been the subjects of long-term behavioral observation, and mother-offspring relationships are known (10) . These communities are geographically adjacent, with the territory of the Middle community overlapping those of both the North and South communities (25) . The number of unhabituated communities in the area in contact with the study communities is estimated at 9. The average numbers of living members in the communities are 38 (North), 12 (Middle), and 63 (South).
DNA Isolation, Quantification, and Microsatellite Genotyping. Sample material consisted of feces (86 individuals), bones and teeth (13), hairs (8) , and chewed fruit wadges (1) . Fresh fecal samples weighing Ϸ5 g were collected from known individuals and placed in 50-ml tubes containing 20 g of silica gel beads. Genomic DNA was extracted from 100 mg of dried feces by using the QIAmp DNA Stool kit (Qiagen, Chatsworth, CA) according to manufacturer's instructions with modifications (24) . An ancient DNA facility was used for extraction of DNA from bone by using a modification of an alcohol precipitation protocol (26) . Ground bone or tooth root weighing 0.5-1.0 g was incubated overnight at 40°C in 5.0 ml of extraction buffer (0.45 M EDTA, pH 8.0͞1% N-lauryl sarcosine͞0.4 mg/ml proteinase K). The sample was centrifuged briefly, and the supernatant was extracted twice with phenol:chloroform (1:1) and once with chloroform:isoamylalcohol (24:1). An aliquot was gel-filtered (NAP25 columns, Amersham Pharmacia), eluted into TE (10 mM Tris͞1 mM EDTA, pH 8.0), and precipitated with isopropanol [2 vol isopropanol͞5/7 vol 4M ammonium acetate͞final concentration of 2.5 g/ml of Dextran Blue (Sigma)͞1 mM EDTA pH 8.0]. The pellet was air-dried and resuspended in 50 l of TE. Single shed hairs were prepared by subjecting the terminal 3-mm root ends to digestion by proteinase K, followed by heat inactivation of the enzyme and direct use of an aliquot in a PCR amplification (27) . The wadge sample was collected and extracted in the manner described for feces samples. The nine microsatellite loci used [D2s1329, D9s910, D11s2002, D12s66, D2s136, D5s1470, D7s2204, D7s817, and von Willebrand factor (vWF)] were originally described in humans. Primer sequences and PCR amplification conditions were as described (28) . The 5Ј ends of the forward primers were fluorescently labeled, amplification products were separated by using capillary electrophoresis (ABI 310), and allele sizes were determined relative to an internal size standard. Several measures were taken to ensure accuracy of genotypes. Sample identification and genotype accuracy was confirmed by molecular sexing, using the X-Y homologous gene amelogenin (29, 30) , by verification that all mother-offspring pairs (n ϭ 49) shared an allele at each locus as expected and by use of two or more independently collected samples. Eight of 108 individuals had no known sampled relatives and were genotyped by using DNA from single samples as well. For these now-dead individuals (Ali, Castor, Gitane, Xeres, Joe, Natan, Rafiki, and Totem) the identifications cannot be double-checked, although there is no a priori reason to suspect misidentification. Errors in the genotyping were controlled further by use of a described 5Ј nuclease assay to quantify the amount of amplifiable genomic DNA present in the extracts and determine the amount of replication of results necessary to achieve 99% confidence (24) . All laboratory investigators were also genotyped. The rate of error stemming from allelic dropout, contamination, and experimental error was estimated (24) by using a subset of the data (1,328 PCRs) at Ͻ1%. Paternity Analysis. The paternities of 41 offspring were investigated by testing as potential fathers all males, regardless of community affiliation, that were alive and of reproductive age (at least 9 years old; ref.
3) at the time of conception. Paternity assignment was by exclusion, meaning that offspring were required to share one allele at each locus with the mother (maternal genotypes were obtained in all but two cases) and the second allele with the putative father. Assigned fathers could not mismatch at any locus. This approach of assignment by exclusion is the same as that taken in human forensic sciences. Likelihood methods that allow mismatches and choose among multiple unexcluded males were not applied (31) . The allele frequencies of both the entire population and of only the pool of potential fathers were used to compute paternity exclusion probabilities (22) , and assigned fathers were required to have values in excess of 0.95. Relatedness Analyses. Relatedness (R) was estimated for all pairwise combinations of the 108 individuals by using the Queller and Goodnight index (32) and the program RELATED-NESS 5.0 (http:͞͞gsoft.smu.edu͞GSoft.html). Standard errors for average relatedness values were generated by jackknifing over all loci. Allele frequencies for this analysis were estimated by using 45 individuals of no known relatedness, selected proportionally from the three communities and both sexes. The program KINSHIP 1.3 was used for tests of relatedness by using likelihood ratios for pairs of hypotheses with statistical significance added by use of a simulation routine.
Results
Paternity. Genotypes at 9 microsatellite loci were generated for 108 individuals, including a total of 21 adult males ( Table 3 , which is published as supporting material on the PNAS web site, www.pnas.org). Paternity was assigned to 34 of 41 offspring analyzed ( Table 1 ). All assigned fathers had no mismatches, and for no offspring were multiple unexcluded males found. The other potential fathers tested were excluded by mismatches at an average of 3 of the 9 loci compared. There were only two cases in which an excluded male mismatched at only one locus. One of these was the offspring Manon, for which only 7 of 9 loci could be completed, and the second was the offspring Settut, for which no maternal genotype was available. For each of the 34 assignments, the paternity exclusion probability (using allele frequencies from the entire set of potential fathers (was in excess of 0.99. In all cases, the offspring and assigned father belonged to the same community, thus providing no direct evidence for EGP ( Fig. 1 ). Seven offspring could not be assigned to any of the males tested (Table 1 ; Fig. 1 ). These unassigned offspring include two individuals from the North community and five from the South community. For the two North offspring, as well as for four of the five South offspring, as a result of deaths and disappearances, not all possible sires from within the community were sampled for this study. However, for one offspring from the South community, Oreste, all males alive in the natal community at the time of conception have been analyzed and excluded. This finding suggests that this offspring represents a case of EGP. Behavioral observations of Oreste's mother, Olivia, were limited but indicate that she was absent some days during the likely time of conception. The program KINSHIP was used to identify all individuals significantly likely to be paternal relatives at the half-sibling level or closer of the seven offspring with unassigned paternity. For six of the offspring, the closest paternal relative was another offspring from the same community. Interestingly, for Oreste, the closest paternal relative was a female (Belle) from the North community (P Ͻ 0.05). This finding represents additional evidence that Oreste represents a case of EGP. To summarize, the paternities of a total of 41 offspring were investigated, and 34 highly significant within-community assignments were made, although no assignments could be made for seven offspring. We can thus calculate a maximum frequency of EGP of 7͞41 or 17%, but because 6 of those 7 offspring may have been fathered by unsampled within-group males, the actual frequency of EGP may likely be closer to 1͞41 or 2.4%. Alternatively, if we restrict ourselves to considering only the 14 offspring for which we have examined all potential within-group fathers (indicated in Table 1), the total of 13 assignments and 1 probable case of EGP produces a frequency of EGP of 1͞14 or 7.1%.
This frequency of EGP is significantly lower (P Ͻ 0.001) than the Ͼ50% incidence of EGP suggested by a previous study of the North community, in which for 7 of 13 offspring, all possible community sires were analyzed and excluded (8, 9) . Although samples from some of the individuals analyzed in the previous study are no longer available, the results for several of the offspring can be compared directly ( Table 2 ). The first three offspring are those for which no previous determinations of paternity are made, but because some potential sires were not sampled, no conclusions were drawn. For these cases, we made assignments of paternity to community males (Macho and Darwin) that had been previously excluded. The next four offspring are individuals for which paternity assignments were previously made. We confirmed three of these assignments, and for the fourth made a different assignment while excluding the previously assigned father, Ali, by multiple mismatches. The final set of offspring contains four of the seven previously identified cases of EGP. For three of the offspring, we made assignments to males from within the community that had been excluded in the previous study. In the remaining case of postulated EGP reanalyzed here, that of Hector, we do not identify a father but lack samples from some of the community males and so are unable to make a conclusion about paternity. Thus, as a result of the lack of samples from potential sires, this possible case of EGP remains unprovable.
Although the current study relied primarily on a newly selected set of highly variable tri-and tetranucleotide repeat microsatellite markers (28) , one marker (vWF) used in the previous study was included for comparison. This locus was retyped in 33 individuals examined previously and, in accordance with recommended practice for genotyping from noninvasive samples (23) , all heterozygous genotypes were scored only after each allele had been observed twice from separate PCRs, and similarly each homozygous genotype was considered final only after it had been obtained from 7 or more independent PCRs. Of the 66 alleles scored at vWF, different results were obtained for 10 alleles as compared with the previous study. Because our study used more extensive replication, the multiple checks for accuracy listed in the Materials and Methods section, and fluorescent labeling for automated determination of allele sizes, we suggest that the previous study contained errors in Ϸ15% of the genotypes at this single locus. The incorrect alleles were distributed among 9 individuals; thus, 27% of the individuals examined contained inaccuracies in the genotypes at vWF. Only 2 of the 10 errors found could plausibly be the result of allelic dropout. Similarly, examination of the published genotypes (9) reveals four instances at various loci of motheroffspring mismatches, of which only two could possibly be the result of allelic dropout. Hence, other sources of error must have significantly influenced the previous study.
Relatedness. We calculated relatedness (R) values for subsets of community members (Fig. 2) and found first-order relatives (mother-offspring, father-offspring) had mean R values close to the expected value of 0.5 (0.46 for both). Maternal sibling pairs had an average R of 0.29, and paternal sibling pairs an average R of 0.20, both similar to the theoretical expectation of 0.25. suggesting that on average males within a community are not more related than are the females. Another way of analyzing the data is to generate an array of pairwise relatedness values for each within-community set of males and females and examine this array to determine the proportion of comparisons for which the observed average R value was significantly better than an R of 0, the expected value for nonrelatives. In all cases, the proportion of comparisons for which the hypothesis R ϭ 0 was rejected was low (P Ͻ 0.05; males North 12%, Middle 10%, South 10%; females North 5%, Middle 14%, South 0), implying that the majority of the comparisons within a community is between unrelated individuals. Finally, both to test the hypothesis that on average males but not females within a community are related at the level of half-siblings (10) and because the ability in primates to detect kin is low for more distant relationships (34, 35) , the proportion of comparisons for which R ϭ 0.195 (the average for known paternal half-siblings) was significantly better than the average observed R was also calculated. Consistent with the previous result, only a small proportion of comparisons were compatible with the hypothesis of R ϭ 0.195 (P Ͻ 0.05; males North 5%, Middle 10%, South 10%; females North 6%, Middle 14%, South 4%).
Comparison of average R values between males and females
To determine whether relatedness among males and females might play a role in community structure, for all 3 communities the proportion of pairwise comparisons of all community members with relatedness levels equivalent or greater than that of half sibs (R ϭ 0.195) was examined. In each community, the proportion of relationships exceeding this value was low (North, Middle, South; 5.9%, 7.6%, 6.3%; mean 6.2%). Most of the relationships were in fact between males and females (on average 3.4%) with a lesser proportion contributed by male-male (1.4%) or female-female (1.4%) relationships. Values for these withincommunity comparisons would be expected to be higher than those derived from intercommunity comparisons, and all intercommunity comparisons did indeed yield very low proportions of relationships exceeding R ϭ 0.195 (North:Middle 0.5%; North:South 1.1%; Middle:South 2.2%, mean 1.2%). The difference between the means for the intra-and intercommunity comparisons is significant (P Ͻ 0.001), confirming that chim-panzees have more relatives within their home community than outside, despite males and females having on average equally low within-community relatedness levels.
For comparison, the data from a recent study of genetic relationships in an East African chimpanzee community, namely the Kasakela community at Gombe (3), were similarly analyzed. The dataset was restricted to those genotypes for which the authors reported replication of results at the level recommended for reliable genotyping and hence omitted 8 of the 39 individuals for which fewer than half of the loci were typed. The R values produced by analysis of these data are underestimates of the degree of relatedness because, as a result of the limited sample size, the allele frequencies were calculated from data that includes related individuals (Fig. 2) . As in the Taï communities, the average R values for the males (R ϭ Ϫ0.223) and females (r ϭ Ϫ0.0823) at Gombe do not significantly differ (P Ͼ 0.51), and the average level of relatedness is low.
Discussion
An assessment of the paternity of 41 chimpanzees living in three contiguous communities in the Taï National Park revealed only one case of probable EGP as well as 34 assignments of paternity to within-group fathers. By considering only offspring for which all potential fathers were analyzed, we derive a frequency of EGP of 7%. This depiction of the chimpanzee community as the main reproductive unit is in stark contrast to earlier results from one of the same communities, from which a rate of Ϸ50% EGP was inferred (8) . In fact, the results of this and the previous study are highly inconsistent, with disagreement on the paternity assignments for 7 of the 11 offspring compared. This inconsistency indicates that one or both of the studies produced inaccurate data. It has long been recognized that particular care must be taken to ensure the accuracy of genotypes produced by using low-concentration template DNA such as that typically obtained from noninvasive samples (23, 36) . The fundamental problem is thought to be ''allelic dropout,'' the amplification of only one of two alleles at a heterozygous locus, thus producing a falsely homozygous result. We conclude from our direct comparison of results for 33 individuals at the vWF locus as well as from 4 mother-offspring mismatches in the original data that although Gagneux et al. used fewer repetitions than is recommended to control for allelic dropout (37) , only some of the error could actually have been caused by allelic dropout. Other sources of error must have been present, including but not limited to contamination, artifactual ''stutter'' bands, and sample mix-up. Random inaccurate genotyping is more likely to lead to false exclusions rather than false assignments, and thus in that study a high rate of unassigned paternity resulted in a finding of a high rate of EGP.
The difficulty of producing accurate results from noninvasive samples has resulted in a scarcity of comprehensive microsatellite genotyping studies of wild animal populations (38) , and the lack of consistent application of criteria for reliability means that critical evaluation of even published studies is necessary. A recent reanalysis of the genetic relationships of the chimpanzees of the Kasakela community at Gombe has verified one of the two paternity assignments but also shown that three paternity exclusions made by Morin et al. (22) were incorrect (3). Also, the data from the new study of the Gombe chimpanzees itself contains a substantial percentage (22%) of genotypes that are noted as not being confirmed to the recommended extent, whereas the paternity assignments for 3 of the 14 offspring were inferred despite the presence of a mismatch between the putative father and the offspring (see ref. 3 ; Table 3 ). Similarly, it was also mentioned in this article that reanalysis of the original Taï data (9), using a likelihood-based method of paternity assignment (31) , which does not require genotype compatibility between father and offspring produced assignments for six of the seven EGP offspring (3). However, the new paternity assignments proposed all involved mismatches at two to four loci, rendering the accompanying calculation of paternity exclusion probabilities uninformative. A different measure of confidence in the assignments was calculated by comparisons of the likelihoods of the two most probable fathers, but values were low when unsampled extra-group males were included in the analysis (3) . Noninvasive samples remain a viable means for genetic analysis of wild animal populations. Studies using microsatellites, however, clearly need to conform to recommended guidelines for accuracy by using DNA quantification and multiple verification of results (24) , as well as use appropriate methods of data analysis.
The low rate of 7% EGP in chimpanzees found here is consistent with observational data in which extra-group copulations have been noted at a frequency of between 1% (Taï) and 13% (Gombe) (10, 11) . Interestingly, paternity assignment of 14 offspring at Gombe was all to within-group males despite the higher level of extra-group copulations in this community (3) . More comparative data are needed, but at this point, it seems that the community represents the main reproductive unit in chimpanzees.
Most chimpanzee communities are characterized as malebonded because of the presence of strong social bonds among community males (17, 18) . It has been suggested that this is the result of a combination of male philopatry and within-group reproduction resulting in higher average levels of genetic relatedness among community males than among community females (12) . Although this study detected somewhat elevated average relatedness levels in males as compared with females in the three Taï communities and in the Gombe community (Fig. 2) , this difference does not seem to be significant. The results of the tests can be summarized as (i) on average, males were not found to be significantly more related than females in the same community, (ii) the proportion of pairs that rejected the hypothesis of unrelatedness (R ϭ 0) was 10-12% for males and 0-14% for females, and (iii) the proportion of individual comparisons compatible with R at the level of half-siblings or higher was low (5-10% for males and 4-14% for females). As mentioned previously, the original study of the Gombe chimpanzees (12, 22) , suggesting that, on average, group males had the same level of relatedness as half-siblings, contained data that can now be recognized as flawed, making inferences based on that data untenable. The lack of higher male than female relatedness can plausibly be attributed to several factors. One is the introduction of new genes into the community each generation by the immigration of adolescent females from other communities, along with the emigration of adolescent females born in the community. Hence, mothers of all offspring are expected to be unrelated. Fathers of offspring primarily originate from within the community, but our results show that the collection of community offspring is fathered by a variety of individuals (see Table 1 ). Accordingly, individual males are typically unable to monopolize reproductive opportunities, while in addition, some offspring have EGP.
Although short-term mutualistic benefits as well as long-term social relationships are more likely to explain the basis for cooperative male behaviors such as hunting and meat-sharing (39) , the presence of a greater number of related individuals within as compared with between communities shown here may indicate that kin selection theory can to some extent explain the typically hostile character of interactions between communities. Evidence presented here, supporting the concept of a chimpanzee society bonded through male-female relationships, implies that the use of chimpanzee society as the exemplar of the hypothesized male kin-bonded society of the common ancestor of chimpanzees and humans may require reconsideration.
